Background. Candida krusei bloodstream infection (CK BSI) is associated with high mortality, but whether this is due to underlying comorbidities in affected patients or the organism itself is unknown. Identifying patient characteristics that are associated with CK BSI is crucial for clinical decision-making and prognosis.
Candida bloodstream infection (BSI) is the most common form of invasive candidiasis, the fourth leading cause of bloodstream infections in the United States, and the most common nosocomial BSI with non-albicans BSI, constituting a larger proportion of total infections in recent decades [1] [2] [3] . These species include C. glabrata, C. tropicalis, C. parapsilosis, and C. krusei (CK). Together with C. albicans, they make up the vast majority of Candida BSI. Although relatively rare, CK BSI is known to affect immunocompromised patients and is associated with the highest mortality among the Candida species [4] [5] [6] .
The unique factors contributing to the development of infection by this organism and its clinical consequences are poorly characterized. Some predisposing factors, such as hematologic malignancy, are established in the literature as risk factors for CK BSI [7, 8] . Other risk factors including antibiotic exposure, surgery, and age exhibit a high level of heterogeneity across studies [9] [10] [11] [12] . Most of these studies are limited by CK sample sizes of less than 35 , and they often analyze for non-albicans Candida, which is influenced by C. glabrata, which has different risk factors [7] [8] [9] [10] [11] . In addition, few studies have addressed the question of whether the organism is directly responsible for the observed increase in mortality, or whether this association is confounded by other patient characteristics. While several authors have examined risk factors for mortality within Candida BSI cohorts [13] , the multivariable survival models needed to definitively answer this question are lacking. Given the poor outcomes associated with CK BSI, accurately identifying patients at risk for this infection could be of benefit to clinicians.
We performed a retrospective cohort analysis of all Candida BSI infections at our institution over a 13-year period. The purpose of this study was to identify pertinent clinical comorbidities that could accurately predict CK BSI as well as to assess the impact of comorbidities on the elevated mortality rate seen in these patients.
tertiary care hospital in St. Louis, Missouri. The study was approved by the Washington University in St. Louis Institutional Review Board with a waiver of consent.
Cohort Construction
Patients ≥18 years old who were hospitalized and had at least 1 blood culture positive for Candida were eligible for study inclusion. Subsequent Candida BSI episodes in the same patient within 90 days were excluded. Through a combination of automated chart extraction and medical chart review by the authors, we collected Candida species and a series of patient characteristics (Table 1; Supplementary Tables 1 and 2 ). The most extreme vital signs (highest temperature, respiratory rate, and heart rate; lowest blood pressure) measured within 24 hours preceding BSI were collected. Comorbidities were determined via ICD-9 codes (Supplementary Table 1 ) and included all Elixhauser comorbidities as they have been shown to be good predictors of death in acute illness [14] . We categorized The most extreme vital signs (highest temperature, respiratory rate, and heart rate; lowest blood pressure) measured within 24 hours preceding BSI were collected.
continuous variables that did not follow a linear distribution, and when significantly different, odds ratios were noted for different levels of the variable in univariate analyses.
Outcomes
For logistic regression, the outcome was defined as CK BSI vs non-CK BSI. For survival analysis, we assessed 90-day all-cause mortality. Dates of death were extracted from the hospital consortium's Medical Informatics database and supplemented with information from the Social Security Death Index (SSDI).
Patients with a positive Candida blood culture and without confirmed death who were not observed in our institution after the 90-day postdiagnosis period were censored at the date of last visit.
Statistical Analysis
Statistical analysis was performed using SAS v9.4 Software (SAS Institute Inc., Cary, NC), and all tests were 2-tailed. Survival graphs were created using SPSS V23 (IBM, Armonk, NY). For descriptive statistics, we used chi-square or Fisher exact tests for categorical variables and Mann-Whitney U tests for continuous variables, as the variables were not normally distributed.
We performed univariate logistic regression to evaluate the association of predisposing factors, comorbidities, medication use, and laboratory values with the development of CK BSI. We performed univariable Cox proportional hazards analysis to evaluate the association of these same factors with 90-day mortality. Variables with P < .20 were evaluated in the multivariable models.
We developed the multivariable models in a parsimonious manner, adding candidate variables sequentially and retaining them in the model if they were found to be significant (P < .05). After all relevant variables were included, those that were no longer found to be significant were sequentially removed from the model. We generated a C-statistic and receiver operating characteristic (ROC) curve using the final set of predictor variables. The Cox proportional hazards model was constructed in a similar manner, with the exception that the initial model contained Candida species as the dependent variable, dichotomized as CK vs non-CK, and all other variables were tested in the model as confounders (changed the CK parameter estimate by at least 15% in either direction).
RESULTS

Demographics
A total of 1913 hospitalized patients were diagnosed with Candida BSI in the study period. Forty observations were discarded due to duplication, incomplete data collection, and not fulfilling inclusion/exclusion criteria, resulting in 1873 observations analyzed. Of these, 59 were due to CK. Absolute and relative frequency of CK BSI did not significantly change over time. CK constituted between 1.8% and 5.4% of total Candida BSI events between 2002 and 2015, and there has been no consistent trend over time (Supplementary Figure 1 ).
Significant and relevant descriptive comparison between CK and non-CK BSI can be found in Table 1, and the others in  Supplementary Table 2 . Age and sex distributions were similar between the 2 groups, while CK BSI was diagnosed more often in white patients (72.9% vs 62.5%). Many comorbidities were present at similar rates between the groups. However, patients with CK BSI were significantly more likely to have hematologic cancer (71.2% vs 16.8%), and were also significantly more likely to have a history of bone marrow transplant (15.3% vs 1.5%) and to have received chemotherapy (20.3% vs 5.5%). CK BSI patients were more likely to have received certain medications within the 90 days leading up to the incident infection, including azole antifungals, echinocandins, and corticosteroids.
Clinical Predictive Model
In univariate logistic regression analyses, 65 variables were found to be associated with the development of CK BSI (Supplementary Table 3 Table 4) .
Five variables were included in the final multivariable Cox model: neutropenia (HR, 2.0; 95% CI, 1.6-2.5), lymphoma (HR, 1.5; 95% CI, 1.1-2.0), prior glucocorticoid use (HR, 1.4; 95% CI, 1.2-1.7), chronic liver disease (HR, 2.0; 95% CI, 1.6-2.5), and creatinine >1 mg/dL (HR, 2.1; 95% CI, 1.8-2.5) ( Table 3) . With the addition of these covariates, the association between CK BSI and mortality was no longer significant (HR, 1.3; 95% CI, 0.9-1.8) (Figure 2 ).
DISCUSSION
CK is associated with high mortality and resistance to antifungal agents; therefore, understanding the underlying risk factors for development of the infection and mortality in this population is of high clinical importance. Hematologic malignancy, gastric malignancy, neutropenia, prior azole use, prior monoclonal antibody use, and prior β-lactam/β-lactamase inhibitor use are independent risk factors for the development of CK BSI in our multivariable logistic regression model. The discriminating performance of this model is higher than some of the most commonly used clinical predictive models [15] . Although patients with CK BSI appear to have a higher mortality rate than non-CK BSI patients, this association is no longer significant when taking into account confounders, specifically neutropenia, lymphoma, prior glucocorticoid use, chronic liver disease, and elevated creatinine.
While CK is 1 of 5 Candida species composing >90% of all isolates, it is also the least common of these [1] . We found CK to constitute 3.2% of all Candida BSI at our institution, which is consistent with a previously published range of 0.9%-10% [7, 12, [16] [17] [18] . A systematic review of Candida BSI prevalence worldwide found that CK consistently made up 1%-4% of infections regardless of geographic location, with the exception of 2 studies conducted in Finland and France with proportions of 8.5% and 10.6%, respectively [19] . There is no consensus as to whether the incidence of CK is truly increasing, as results from different studies are conflicting. However, the majority of studies suggest a stable epidemiology, consistent with our findings [4, 19, 20] . It is possible that the studies that show a rise in CK are either outliers or represent localized changes in epidemiology.
Several of the risk factors associated with CK BSI in our cohort have been corroborated in previous studies. Observationally, CK is disproportionately isolated in hematology units [7, 21] and neutropenia and hematologic malignancy are consistently associated with CK BSI across multiple studies [8, 11, 12, 16] . A prospective cohort of patients diagnosed with Candida BSI between 2004 and 2008 found that CK BSI was more common in the setting of prior use of antifungal agents, hematologic malignancy, stem cell transplantation, neutropenia, and corticosteroid therapy, although the authors did not adjust for multiple variables [22] . In our analysis, bone marrow transplantation and corticosteroid therapy were significant in univariate analyses but did not meet criteria for inclusion in multivariable analyses, appearing to have no increase in predictability in addition to hematologic malignancy and neutropenia.
We found a specific predilection for CK BSI in patients with prior azole use, which has biological plausibility given the known intrinsic resistance to fluconazole (and other azoles, to a lesser extent) in this species [20, 23, 24] . Various studies have suggested increased risk in the setting of fluconazole exposure, with 1 study demonstrating dose dependency [25] [26] [27] [28] . Although 1 case-control analysis found no relationship between fluconazole and CK where X 1 = hematologic malignancy, X 2 = gastric malignancy, X 3 = neutropenia, X 4 = prior azole use, X 5 = prior monoclonal antibody use, and X 6 = prior β-lactam/β-lactamase inhibitor use.
Abbreviations: CI, confidence interval; CK, Candida krusei. a Includes any history or diagnosis of leukemia, lymphoma, or multiple myeloma.
b Defined as absolute neutrophil count <500/mm 3 . c Medication was ordered within 90 days prior to Candida infection.
BSI, this study included only 4 patients with CK [29] . Given that azole prophylaxis is often given in the setting of severe immunosuppressive disease (eg, hematologic malignancy and transplantation), some authors have suggested association rather than a true biological causation [30] . However, in 1 study limited to adult patients with leukemia or status post-bone marrow transplant, fluconazole prophylaxis was still associated with CK BSI [31] . The authors posited that emergence of a relatively low-virulence organism such as CK was aided by the suppression of other more virulent Candida species susceptible to fluconazole.
In addition to azoles, β-lactam/β-lactamase inhibitors and monoclonal antibodies were associated with CK BSI. Although antibiotics have been infrequently studied in this setting, 1 prior case-control study found that β-lactams, vancomycin, and aminoglycosides were associated with CK BSI, with the strongest association seen for antibiotics with anaerobic activity [10] . Presumably, antibiotics may predispose individuals to Candida BSI through alteration of the microbiome at sites of inoculation.
However, the significance of the interaction between certain antibiotic classes and Candida species is unclear. Similarly, while the ability of monoclonal antibodies to significantly affect immunologic mechanisms suggests a pathway by which low-virulence organisms such as CK gain a foothold in an otherwise overly hostile environment, this area requires further investigation.
In our multivariable analysis, gastric malignancy was the only solid tumor significantly associated with the development of CK BSI. Gastrointestinal (GI) inoculation as a source of CK BSI may explain this association, as disruption of the GI barrier by tumor cells and associated inflammation could potentially lead to higher inoculation rates, although this mechanism is theoretical and may not be specific to CK [32, 33] .
CK BSI was associated with higher mortality as compared with non-CK BSI in the univariate analysis (64.4% vs 41.4%; HR, 1.8; 95% CI, 1.3-2.4). The mortality in our study is generally consistent with that cited by other authors [34] [35] [36] . While mortality with CK BSI tends to be higher than non-CKI BSI in the majority of studies, this difference is often not statistically significant, likely related to low power in the setting of infrequent CK infection [8, 12, 34] . In 1 study with comparable sample sizes and species distributions, CK was found to have the highest 90-day mortality rate (52.9%) of all species when comparing them individually [22] . Another study found CK BSI to be associated with a similarly poor 90-day mortality of 46.4%, compared with 38.7% for all Candida BSI [12] .
Our multivariable survival analysis suggests that the higher crude mortality seen with CK BSI reflects the underlying severity of illness in these patients rather than pathogenic virulence of the organism [32] . Indeed, in vitro and in vivo virulence testing has demonstrated that CK is a relatively low-virulence organism [18, 33] , although several unique intrinsic mechanisms are protective against both antifungal medications and oxidative stress [37, 38] . While hematologic malignancy predicted CK BSI, only lymphoma was an independent predictor of mortality. One possible explanation for this discrepancy may be the convergence of leukemia and neutropenia as they relate to mortality, whereas other sources of immune dysfunction in hematologic malignancy may contribute to the development of CK BSI. Regardless of their role in the initial CK BSI, liver disease, kidney dysfunction, and immunosuppression appear to be strong mediators of CK BSI-associated mortality.
This study is limited by retrospective data collection. While the database was built to maximize comprehensiveness, ICD-9 codes may not always reflect true diagnoses, leading to misclassification bias. Additionally, we were unable to identify changes in diagnostic accuracy and management over time that may have contributed to variations in mortality, although mortality in this cohort did not appear to change significantly over time. Despite a large overall sample size, our analyses were based on comparison with only 59 patients with CK BSI due to the relative infrequency of infection by this species. This limited our statistical power, although this is the largest study to look at patients with CK BSI. Finally, this study was conducted at a single tertiary care academic center and thus may not be generalizable to other populations.
In conclusion, we found that a collection of patient comorbidities could both predict the development of CK BSI and explain the increased mortality seen in these patients.
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